Abstract
The goal of Fire Safety Engineering (FSE) is to design a strategy which meets human safety and property protection goals with an optimized solution. In comparison to international practice, Canada could be considered highly underdeveloped in a technical perspective of performance versus prescription.
In Canada FSE is a subdivision within civil and mechanical engineering, rather than treated as a profession in and of itself. With a requirement for more complex infrastructure to meet Canadian societal needs, there is stimulus that is fostering a demand to create professionals educated with FSE skill sets.
D r a f t
Introduction
The goal of fire safety engineering (FSE) has always been to design an optimized strategy which provides the necessary human safety and property protection. In Canada, our engineering community does not need to look very far to see the challenges our society is currently facing with respect to fire safety related to our infrastructure. In the last five years there have been multiple severe fires, including the Fort McMurray wild fire, the L'Isle Verte care home, and Kingston's 2013 city conflagration. In particular, a surge of complex structures has become the norm as our society is rapidly undergoing a significant shift to urban populace, relying on novel building technologies and material optimization strategies which are pushing the boundaries of our existing building codes (see Figure 1 ). These issues have necessitated a more holistic view of fire safety which warrants a discussion of our treatment of FSE in Canada.
The purpose of this state-of-the-art study is to create awareness of novel FSE concepts used internationally and discuss potential growth for the Canadian design practice. The authors intend this review to provide a well-rounded background on FSE for the Canadian practitioner, in order to facilitate a more commonplace holistic understanding of the importance and potential of fire safety engineering. This manuscript serves to begin that discussion.
Herein, an introduction to performance-based fire design (PBFD) is provided. A review of the fundamental and supporting FSE concepts, strategies and benefits as seen historically and internationally is provided. The study aims to provide a review of exemplar FSE projects developed at leading international engineering firms. A summary of some best-suited project types is provided. Finally, an insight into the future of FSE sheds light on the forthcoming opportunities for Canadian practitioners in this field.
[ Figure 1 ] D r a f t
Background
Current practice related to fire safety strategies relies primarily on architects or code consultants who either apply prescriptive code clauses or attempt to demonstrate equivalency to the prescriptive solutions.
Mechanical and electrical engineers may design HVAC or sprinkler equipment in line with the requirements of the code while structural engineers demonstrate their design has the required fire resistance ratings, but the architect is still primarily responsible for overseeing implementation of these elements in the overall building with code consultants on the project team being responsible for interpretation of code clause intents. It can be seen internationally that there is a trend towards using more
engineering based approaches to demonstrate safety as opposed to simply complying with prescriptive code provisions. As FSE is not often seen in practice in Canada, this section aims to provide the reader with sufficient background on its evolution. A description of PBFD within the Canadian context is given as it is the basis of Fire Safety Engineering. Additionally, information on the condition of FSE education and an introduction to FSE practice around the globe are provided.
D r a f t excessive fire protection, loss of profitable floor area, or sacrifice of original architectural vision. In other cases, with detailed analysis, the prescriptive code provisions may prove to be insufficient for increasingly complex and unique buildings. However, currently a high level of fire analysis and modelling to support an alternative design is required for regulatory approval. As best said in 1995 by pioneering PBFD international experts Margaret Law and Paula Beever: "The desire of regulators to have simple rules and tests for administrative convenience contrasts with the need of designers to have maximum flexibility in order to arrive at optimum solutions. The magic numbers embodied in regulations are accepted without question, while any engineering solution is subject to a disproportionately high standard of proof" (Law and Beever 1994) .
The use of PBFD solutions requires a deep understanding of FSE. Careful attention to the fire protection effectiveness during the design, construction, and management phases is critical. Any mistake or omission could result in the failure of the whole fire protection strategy. The British Standards
Institution has developed BS 9999, a code for PBFD (BSI 2008) , in which it is stated: "It has been found in practice that designs can frequently be compromised due to incorrect or poor installation, substituted materials or products, missing materials or products, lack of integration of active systems, inadequate inspection, lack of full commissioning, abuse during normal use of the building, inadequate maintenance and/or testing, and problems resulting from inadequate management documentation and training" (BSI Buchanan (2002) . This text is beginning to age relative to international practice, research, and computational abilities. Notably, the document is written before the events of September 11 th in 2001 which renewed North American research and education in fire safety. A second edition of the text by Buchanan and Abu (2017) introduces new material in light of research done over the past fifteen years including best-practice guidance for designers and advanced calculation methods. It is anticipated that the structural fire courses will require a curriculum update to match the scope and content of this updated text should they specify the second edition in their curriculum. As well, the structural fire course, and the fire safety engineering courses in general, have a lack of design problems that are provided in international educational experiences. Such problems would train students to apply the knowledge fundamentals to solve real-world problems, which is crucial in professional academic programs, to train future engineers to provide PBFD (Woodrow et al. 2013 ).
While the Canadian curriculum certainly has strengths, this critical review suggests there is room for improvement when comparing to our international peers. Such improvements may include removing redundancy from the courses offered, focusing more on first-principles of fire safety, introducing more design-type problems, and increasing the collaboration between industry and academia. These characteristics of a successful fire safety engineering program have been demonstrated in-part internationally (Richardson 2003) and have been shown to lead to a more developed fire safety profession with many consultancies actively participating and a plethora of innovative case studies to learn from, as will be discussed below. A key challenge that still exists is engaging AHJ in FSE education such that proposed designs can be competently reviewed, critiqued, and approved. Arup progressed the fire engineering service in the mid-1970s when Margaret Law was hired. At this time, prescriptive code provisions for fire-related requirements were also being developed, in a similar manner to current Canadian building codes. The new FSE department struggled with arbitrarily increasing fire protection requirements and size limitations from the government, which were seen as largely political but unsupported by research (Law 1986 ). Law proposed the need for research to prove that for more complex and innovative buildings, a unique fire engineering design can be developed for each case which will result in a more economical solution, directly proportionate to the people and property at risk (Law 1986) . The period between when Arup established their FSE group to the time that they were able to have their first PBFD project approved was over 20 years long, when the London City Hall building was approved. For this project the structural fire protection was reduced using a time-equivalency method, and smoke management and evacuation procedures were developed for the mixed occupancy of Subsequently, FSE has become widely accepted in several countries in Europe, Asia and the Middle East.
For Canada, it may take effort to establish inaugural acceptances or a standard of practice, but should not require the same amount of time and strife as was demanded in the 1970s -if these companies are used as exemplar case studies. Already, branches of large firms which offer FSE internationally have begun to introduce FSE concepts in Canada. However, as aforementioned, these firms must emulate these UKbased companies and publish technical reports in the public realm if they are completing complex FSE projects, in order for the Canadian industry to expedite the AHJ acceptance process.
Design
This section aims to provide the reader with a solid foundation of FSE concepts through outlining the fundamental theories and common effective strategies which have been developed and applied by leading international universities and firms. Furthermore, a list of best-suited projects and case studies are given to demonstrate where FSE may be employed in Canada.
Fundamentals
In order to use FSE to produce PBFD solutions, there are several fundamental theories which are applied to each unique project. An understanding of these FSE concepts is the baseline requirement for the ability to provide fire engineering services to clients.
Design Fires
Under the current code provisions, all construction materials and components are tested with a Standard Fire Test (ISO 2014) . This testing is typically done in a furnace with a standard timetemperature curve which was developed early in the 20th century by the ASTM, in which the temperature rises to almost 700°C in the first 10 minutes. By the 60 minute mark, the temperature in the fire compartment is over 925°C, and continues to rise almost linearly but indefinitely. The time until which a component fails in this test is its "Fire-Resistance Rating," which is qualified as a loss of structural integrity, or too much heat or smoke penetrating the component. The test was first used in June 1917 as part of a comparative index of ratings for concrete, steel and timber columns which were placed under a service load and standard heating. In the test the isolated materials were then ranked by time of failure.
The appropriateness of these tests was further limited by the difficulties of manual temperature control, especially with timber specimens which may give off their own heat (Ingberg 1919) . It is additionally
important to note that components tested with this methodology are then incorporated into building systems in which they interact with other components. These interactions can then lead to unique failure mechanisms which can only be observed if an analysis of the entire structure, or a part of a structure with appropriate boundary conditions, is performed. The test would later evolve to include the concepts of restraint to represent these boundary conditions, but still cannot accurately resemble true structural supports which are highly variable.
Additionally, this Standard Fire as defined by temperature alone is not representative of a real fire and has no physical meaning in reality, other than providing a standardized temperature exposure (Bisby al. 2013) . Generally, building fires can reach much higher temperatures in varying amounts of time and will enter into a decay phase after either the available fuel or oxygen is consumed. In the standard test the fire is uniform along the specimen, whereas in reality the fire may not be. Recent testing in the UK has indicated that for some structures, non-uniform (or localized) fire exposure may be more critical and a better representation of real fire dynamics (Gales et al. 2016) . Several highly-variable factors contribute to the way a fire will burn in a structure. The major conditions that affect fire burning times, temperatures, and behavior include the type and amount of fuel present, building geometry and compartment thermal properties, and the ventilation rate based on openings. In the majority of cases, a highly ventilated fire is desired because hot, toxic smoke is removed and the temperature of structural elements lags behind leading to a shorter duration of heating in the members.
In order to appreciate the significance of design fire definition, it is important to understand a brief history of how fire behaviour knowledge has developed. Due to the limited understanding of fire dynamics and structural mechanics at elevated temperatures in the 1920s, FSE at that time relied on equivalency based rules (now known to be inadequate to represent reality) to the Standard Fire. The methodology was developed by Simon Ingberg, and was meant to be representative of a fire from start to burn-out (Ingberg 1928 he studied under-and over-ventilated fires at the NRCC and created numerous empirical approximations (Harmathy 1972) . Others would continue to study these aspects internationally, and the reader is encouraged to consult the work of Torero et al. (2014) for a more contemporary review of the subject.
By the early 1990s, research facilities and consultancy companies began to study structural fires.
This was mobilized by the Broadgate Fire, a composite steel-frame structure which caught fire during construction, prior to the application of fire protection (SCI 1991) . A series of large-scale, real fire experiments were conducted on three structures -a composite steel frame, a concrete frame and a timber frame structure. The tests provided abundant insight into real structural behaviour, but yielded limited data for real fire modelling and verification. A subsequent set of similar tests were then performed at Cardington which focused on fire dynamics in the late 1990s.
Following these preliminary experiments, several researchers began to study realistic fire behaviour.
Tests by Kirby began to illustrate unusual fire behavior in exceedingly large compartments (Kirby et al. 1999) , and tests by Lennon Today, there are three accepted categories of realistic fires that may occur inside a building. The first is in a compartment such as enclosed offices or retail spaces, which burn very hot and fast in a highventilation situation and burn slow and long in a low-ventilation situation (Wang et al. 2013) . The second possible fire scenario is in a compartment in which the fire has not reached flashover, and is considered as a localized fire plume. Finally, in a large open space such as an atrium or concourse, a contemporary proposed scenario is known as a Travelling Fire (which will be further discussed in proceeding sections).
Evidently, there are a large number of different fire scenarios that may occur within a building. A deterministic approach to fire safety design considers several key "Design Fires" which are determined to be critical cases, and are then used to develop an appropriate fire strategy and protection scheme.
Hand The temperature differential that transfers through the cross-section of each element is then calculated at each time step. FEA is also used subsequently to analyse the structural performance of the elements at these elevated temperatures with applied loading. In updated software such as an LS-DYNA interface (Oasys Software 2016b), the thermal and subsequent structural analyses can be coupled into a single simulation encompassing all of the fire effects. Models created for these simulations should reflect nonlinear and local plastic deformations and failures, and consider changing material properties at elevated temperatures.
CFD is typically used to model smoke generation and migration through a space or building, and can be used to design and justify smoke control system requirements or lack thereof. Based on the fire, materials and building geometry, the CFD analysis predicts how the hot and toxic smoke layer will develop which is a limiting factor in occupant egress safety. It can also determine the effects of smoke buoyancy and exhaust -critical parameters in the design of atria, stairwells and interconnected spaces. 
Design Strategies
There are three types of PBFD design measures which can be employed in a combination of strategies. (Carfrae et al. 2011) . This is typically done through occupant movement simulations or calculations, and smoke and heat development analyses. This can be used to justify longer travel distances or reduced exit widths for egress routes. Note that it has been observed that the width of the exit (and therefore the queueing time at the exits) usually governs the RSET rather than increased travel distances, where spaces are open and clear (Law 1986; Carfrae et al. 2011 ).
2. There are several different evacuation strategies that can be developed for the building management. Phased evacuation is when only the zone in the building with immediate hazard is evacuated first, allowing for reduced demand on the egress routes and increased business continuity in the event of a false alarm. Horizontal evacuation can be used with fire separated zones, where the egress strategy is to move occupants into another safe compartment within the building. This reduces total evacuation times and again allows for business continuity. Egress elevators are another emerging strategy in which working elevators can be considered means of evacuation, especially for accessibility or tall building applications, but are still under much scrutiny in practical situations as generations of individuals have been trained not to utilize elevators in an emergency.
3. It is often justifiable and beneficial to design normal circulation routes as primary means of egress as it has been proven that occupants typically exit the building the way they entered in emergency scenarios, and alternate egress routes or stairwells are often overlooked (Dixon et al. 2010 ).
Smoke Control & Flame Spread Containment 1. Smoke control is an effective way of increasing ASET through exhaust or pressurization systems.
Exhaust systems can be implemented through natural or power ventilation, and may be validated D r a f t using CFD analysis in complex cases. If designed properly, pressurization systems utilize high pressure zones within egress routes or fire-fighting shafts to induce air flow out of the zones and therefore inhibit infiltration of smoke into said zones. However, there is concern that the systems do not always perform as intended during design (Lay 2014 ) which demonstrates the importance of a holistic approach to FSE, and for designers to understand the limitations of the systems they implement.
2. A "cabin" methodology can be used to contain flame spread and smoke within one area, through the use of suppression systems and fire barriers. These areas are typically high-risk fire zones with large fuel loads, and can be compartmentalized through permanent walls or fire shutters, or open concept.
In any situation, the cabin should be designed so that smoke and flames can be contained within that zone with a combination of automatic sprinklers, strategically placed barriers, and smoke exhaust vents or reservoirs (Carfrae et al. 2011 ).
3. The "island" methodology is another concept developed in which fire spread is contained simply through distance between combustible materials. This can be employed in large, open-concept areas such as concourses or waiting areas in transportation buildings, where there are very small amounts of combustibles. The heat release from a fire in one island of combustibles, or fuel, is determined considering the type of materials and ventilation. Next, an analysis is done to ensure the heat release is not sufficient to ignite another adjacent combustible island, therefore preventing the spread of the fire from its origin (Carfrae et al. 2011 ).
4. Various detection systems can be designed or specified to ensure a fire engineering strategy is well executed, and to aid in reducing RSET and increasing the amount of the ASET that occupants are able to use effectively (i.e. movement time may begin earlier). The choice of detection system is highly important, and the appropriate type of system varies in every building application. The varieties include smoke detectors, heat detectors (either sensing a rate of temperature rise or a given temperature threshold), and infrared flame detectors. "Double interlock" detection systems can also be employed which only activate minor alarms (rather than throughout the entire building) until a D r a f t second detector or manual pull is triggered, reducing the likelihood of a false alarm. Avoiding false alarms is not only important for business continuity, but also to reduce the desensitization of building occupants to emergency alarms and evacuations.
5. Automatic sprinkler systems can often aid in the containment of fire within high fuel load compartments, but can be ineffective in multi-story atria. Simulations should be run to determine whether or not air and smoke reaching the sprinklers will be hot enough to activate the system.
Typical ceiling sprinklers can be used, along with other options including long-distance throw or side wall sprinklers if required.
Structural Fire Protection
1. A structural failure in a fire can be judged by three criteria: loss of load bearing capacity, infiltration of smoke through cracks or openings, and transfer of sufficient heat to ignite materials on the opposite side of the structural element. The latter two criteria are applicable for load-bearing fire separation wall and floor assemblies, or non-load-bearing fire separation partitions. Non-load bearing fire separation partitions and other mechanical integrity elements are treated differently than structural members and their performance must be determined through testing. These elements may impact structural performance by altering the size of the compartment if they fail and thus changing the characteristics of the fire.
2. A strategy that has been used to optimize the amount of fire protection is partial fire protection (for example, on steel structural elements), which should be validated through FEA of critical members in several design fires (Lamont et al. 2006) . When proposing to leave an element unprotected, a full structural analysis must demonstrate that stability is maintained throughout the fire duration. If the analysis demonstrates a collapse (failure) mechanism, redundancy is critical. At least two separate analyses could be done to prove that (a) the element can be removed from the structure without inducing a progressive collapse of the building, or (b) the element can be allowed to thermally expand and the induced loading D r a f t on the surrounding structure will not cause a progressive collapse of the building. The extent of local failure allowed is an important performance objective to be developed which may have different implications in each unique building system. Typically, elements that can be proven to remain unprotected are secondary beams and structural elements over several metres high from the floor. Generally, structures only supporting a roof assembly (that is not a publicly accessible roof) may not require protection, but in complex cases a design fire analysis should be done to determine whether or not fire protection for the roof structure is critical to the whole building fire safety. Additionally, frame connections are critical elements in the stability of a building and should be given specific attention in the thermal and structural analyses. Other common construction materials have seen progress internationally, such as timber with sacrificial charring layers, and concrete with optimizing rebar coverhowever performance-based solutions have not yet been fully developed for these materials.
The reader is encouraged to consult recent texts by Wang et al. (2013) for further advancements with materials beyond steel.
3. Another common strategy of reducing fire protection requirements is on exterior structural members. According to the building code, members at least one metre away from the façade in certain building types do not require protection (clause 3.2.2.3, NRC 2015) . However, it has been justified to leave unprotected elements that are closer, through the two analysis types discussed previously.
Examples
There are several types of buildings that lend themselves to PBFD strategies. reduce the structural fire protection required. The high-risk areas can be designed for using the "cabin" or "island" strategies. For exemplary projects which have made use of these strategies, the reader is encouraged to consult case studies on the Beijing South Railway Station (Carfrae et al. 2011 ) and the Transbay Transit Center in San Francisco (Rini et al. 2011 ).
In the Beijing South Railway Station, FSE was first used to intelligently layout the facility. Areas with high fuel load such as waiting rooms were designated as fire cabins, making use of fire detection, sprinklers, and mechanical smoke exhausting, while other components of the facility were designated as islands with a low probability of fire spread (Carfrae et al. 2011) . A CFD model of the station was developed with a range of design fires in different locations to demonstrate tenability for at least the RSET. Lastly, temperatures in the structure were calculated with the CFD model to determine fire D r a f t protection requirements. Structural elements above large spaces such as the departure hall were found to have relatively low temperatures and thus require no protection, while other elements such as the columns adjacent to train platforms were given a two hour fire-resistance rating.
Atria
Atria present unique fire engineering challenges within buildings due to the openness and connection of multiple stories. Smoke control can either benefit or suffer in atria depending on the geometry and height, so in each unique case comprehensive CFD should be done. Many atria are designed for their natural ventilation advantages, which can often be utilized for passive smoke exhaust systems. CFD can support the elimination of mechanical smoke exhaust systems based on larger air speeds and the size of openings at the base and top of the atrium, utilizing the natural buoyancy of hot smoke. However, if the height of an atrium becomes too high, smoke can be cooled and lose its buoyancy before it is exhausted out of the top vents, which could be detrimental to the smoke control plan. To keep the openness of atria but further control smoke flow, horizontal or vertical fire shutters may be employed to separate floors or adjacent areas in the event of a fire. Additionally, the large size of atriums usually lends itself to a partial structural fire protection strategy which could save time and money. Projects which utilized such strategies in their approval are discussed in the case studies of The Greater London Authority ( [ Figure 2 ]
The GLA Building made use of automatic vents in the top of the main atrium to control smoke with automatic openings in the lower atrium either acting as an inlet for cold air or acting as an outlet for smoke in the case of a fire in the lower atrium itself (O'Meagher and Ferguson 2003) . A similar approach was used for the Y2E2 building, although a key consideration here was the sheer size of the atrium. As previously mentioned, natural ventilation does not work if the atrium is too large such that smoke cools D r a f t before exiting. CFD modelling was used on Y2E2 to demonstrate the smoke was sufficiently buoyant for the natural ventilation system to work (Graffy et al. 2008) . Cool make-up air is provided to the atrium in the event of a fire through architectural louvres as well as automatically opening exterior doors. In addition to the CFD modelling, local authorities also required the Y2E2 building to undergo hot smoke testing during commissioning to confirm the natural ventilation system worked as intended (Graffy et al. 2008 ).
Stadiums and Arenas
Sports venues are yet another type of building where extremely large open spaces are the norm, with the added challenge of thousands of spectators compressed into tightly spaced, elevated, fixed seats.
Occupant egress modelling can prove very important in the design of these buildings. An analysis of pedestrian flow can be used to optimize the building layout and surrounding landscape so that movement is easy and queues are avoided. These buildings are good candidates to utilize the normal circulation areas as egress routes, as mentioned above as the third strategy within the Occupant Egress category, or horizontal evacuation plans. High-risk fire zones such as restaurants and retail shops can be treated as "cabin" zones to mitigate fire spread, and adequate smoke ventilation should be provided in case of a fire on the lower service levels. Additionally, the large open spaces and high roof create the opportunity to eliminate most of the structural fire protection required, if justified through design fire simulation and whole-building structural evaluation. The reader is directed to case studies on the First Direct Arena (Bell et al. 2014) , Wembley Stadium (Dowling et al. 2015) , and the Emirates Stadium (Dowling et al. 2015) in the UK for example applications of these strategies.
In the First Direct Arena, PBFD was utilized to optimize the fire protection of the roof structure, which was required to have fire protection since it provided bracing to the gravity elements of the structure (Bell et al. 2014 ). In the case of Wembley Stadium, CFD modelling was used to calculate temperatures in the steel roof structure and justify reduced or eliminated structural fire protection (Dowling et al. 2015) . A similar approach was used for Emirates Stadium where calculated structural D r a f t temperatures were compared to limiting temperatures and used to optimize the structural fire protection (Dowling et al. 2015) . The case studies do not provide much detail in the design fires considered, details of the CFD models developed, or the extent to which structural fire engineering was used beyond simple limiting temperatures.
Densely Furnished or Occupied Open Spaces
In projects where expansive, highly-utilized spaces are desired, PBFD strategies may be required to justify less compartmentalization and longer travel distances. These spaces could include open-plan offices, conference centres, casinos and department stores, for example. In a building of these types, constructed of regular grid steel-composite structures, often the fire protection on secondary beams can be reduced or eliminated via the methodology discussed in the third case study below.
Unique occupant egress strategies (such as horizontal or even upwards evacuation -see the first two case studies below) can be developed in these situations along with a detailed design of signage and management plans, and of building geometry to promote clear, logical evacuation paths. The design of the building geometry can also be used to strategically control smoke migration throughout the space, using complex bent or curved spaces as an advantage. Often CFD and occupant modelling will be required to demonstrate that the predicted smoke behaviour and occupant RSET are justified. Additionally, in these large, open, highly-utilized spaces (unlike transit concourses with little combustible materials), large fire shutters or doors can be employed which close in the event of a fire. These systems again require a detailed evacuation strategy and method of communication to occupants as to their required egress destination. Several case studies demonstrate the use of some of the listed strategies, including the Marina Bay Sands in Singapore (Lovatt and Wong 2012) , the Shenzhen Stock Exchange in China (Chen et al. 2014 ) and a UK Retail and Leisure Complex (Wang et al. 2013) . . A structural analysis of the floor at elevated temperature was performed for each design fire to determine maximum slab deflections. The stability of the floor relied on tensile membrane action, and the acceptance criteria was a deflection limit of L/20 (Wang et al. 2013) . Several options for connection design were discussed including designing for the actual forces from the analysis, providing sufficient ductility, and ensuring secondary beams are supported after failure of the connections (Wang et al. 2013 ).
Mixed-Use High Rise
Code limitations are often very inhibiting in very tall buildings, especially when multiple functionalities are located throughout the height of the high rise. Typically the code mandates a certain number of exit stairs depending on the characteristics of the building, which could consume a large amount of profitable area in residential or commercial high rise buildings. Occupant modelling, CFD to determine ASET, and phased evacuation strategies can be used to justify a significant reduction in the required stairwells and therefore increase in lettable floor area.
On the other end of the spectrum, at times code provisions can prove insufficient for complex highrise projects. Design fire modelling should be done to develop with confidence a fire protection plan which covers critical structural elements to ensure the RSET is met. Another emerging trend in tall buildings is placing the building superstructure outside of the building façade. This is an excellent opportunity to do a design fire analysis and justify the elimination of fire protection on exterior structural steel members. Examples of projects which utilized FSE strategies for the realization of iconic high-rises are found in The Shard in the UK (seen in Figure 3 ) (Kitching 2012) and in the EW11 tower in the United Arab Emirates .
[ Figure 3 ] D r a f t EW11 Tower utilized a unique approach where exterior structure ("diagonals") was assessed for the impact of fire exposure from interior fires. This was deemed necessary by the engineers of record given the high consequence of failure of these critical exterior elements and the unknown applicability of standard fire testing for these elements . After calculating structural temperatures, the diagonals were either a) checked for their ability to support the required load at elevated temperature or b)
removed from the structure and an alternate load path demonstrated.
Specialized or Highly-Constrained Projects
Highly specialized buildings or constrained projects such as historic restorations provide an opportunity for unique fire engineering strategies to be developed. In these restricted projects, often floor space is a valuable commodity due to space limitations. On a larger scale, specialized projects can involve several buildings on a site for which a total fire safety design must be completed. In this case, it is beneficial to the project to provide a fire engineering master plan to set standards for the entire campus, and to work with local authorities and fire brigades from conception to ensure a safe and approvable design. This was the case in the London Olympic Park, where evacuation modelling was used to assist with overall site evacuation as well as the bridges linking various buildings. The overall park received a fire safety master plan to ensure the various buildings and strategies were all coordinated (Taylor 2013) .
Additionally in sensitive historic projects, new fire safety or protection measures must not be invasive, and must be respectful of the heritage values within the building. Often modelling can be done to either demonstrate a reduction in the required egress width (resulting in more lettable floor space) or that the inherent fire protection in the building is sufficient for the required structural integrity or ASET.
In the Singapore Flyer Terminal, for example, evacuation modelling was used to demonstrate that a narrower egress width was still safe for the building resulting in an additional 400m 2 of developable floor area (Allsop et al. 2008 There are potential benefits of using performance-based design in FSE in Canada which could be realized. In complex buildings with uncommon uses, layouts or geometries, FSE can improve upon a prescriptive solution by either increasing the fire protection measures to ensure that an acceptable level of safety for people and property is provided, or optimize the fire protection measures to create a more economical and efficient design. Furthermore, many new iconic building designs would be simply impossible without the use of FSE. Once these advantages of PBFD become clear to practitioners in Canada, the demand for fire safety engineers will increase and the subject being viewed as a profession will gain traction within the building engineering community. The following sections give a brief glimpse into some future and potential strategies for PBFD for use in Canada.
Travelling Fires
As aforementioned, the Travelling Fire methodology is a concept being developed which does not use the typical assumption that a building fire provides a uniform temperature over the whole compartment it occupies. Rather, the fire migrates throughout the space where fuel is available (see SternGottfried and Rein 2012) . It is still in the early stages of being accepted globally, but several of the firms mentioned in this document have utilized the Travelling Fire as a design basis for PBFD efforts (Rackauskaite et al. 2016 ). This type of fire simulation is thought to be exceedingly more realistic for large open spaces such as atria, transit station concourses and stadia and is currently being studied in large compartment tests by various researchers to improve user friendliness and accuracy. It currently considers uncertainties that exist in a real fire such as non-uniform heating of the structure, and could reduce the fire load on the structure since any single element is not typically exposed to the extreme heat for the entire fire duration. Conversely, a localized heating effect could prove to be more severe for some types of building configurations. D r a f t
Probabilistic versus Deterministic
Once the use of design fires in Canada is well established, fire engineering could progress to a probabilistic rather than deterministic approach. Probabilistic analyses use a risk-based approach, rather than a worst-case scenario design. This analysis is based on risk factors affecting the probable frequency of a fire in a certain time period, the probability of failure due to that fire, and the consequences of that fire. The assessment is done over a large range of virtually all possible fires in all possible compartments, and a solution is reached once a predetermined degree of risk is achieved. A probabilistic approach is desirable as it considers uncertainties that invariably exist in the real world. Additionally, it is a more systematic approach and aligns with the NBCC "acceptable level of risk" methodology, which will be more comprehensible to authorities having jurisdiction and easily calibrated or compared to local building codes.
Risk and Resilience
Increasingly, asset owners are beginning to look at the resilience of their properties. When extreme events occur, either malicious events or natural events brought on by extreme weather and climate change, buildings must be able to sustain the events to a level that is acceptable by the users. The buildings must also be able to adapt to these events and quickly recover so that the businesses within them may operate at a necessary level. A brief consideration of the aforementioned Canadian case studies in the introduction are evident of these issues. A building that can remain operational during an event or shortly thereafter will enable the business within it to be more resilient. The business continuity plans of these businesses may rely on the performance of the building to be effective. PBFD offers an opportunity to quantify the risk exposure from a range of fire events and determine the expected damage levels ahead of time so that business continuity plans and repair strategies can be developed accordingly. This is a fundamental shift from the current prescriptive approach, where risk due to fire is not explicitly calculated except for extrapolating historical losses from similar building types. Further research is required D r a f t internationally to better define the damage levels and required repair for various design fires, but PBFD can lead to more resilient and robust structures.
Conclusions
Once practitioners in Canada are made aware of the flexibility that PBFD can provide in innovation as seen abroad, it could be difficult to imagine a future built environment without FSE. Following the international example, FSE in Canada could become an obvious component of the integrated design process from the outset in the future. This can potentially lead to truly optimized buildings and fire protection strategies.
Should we proceed in this route, the demand for competent fire safety engineers could grow, thus increasing the number and quality of FSE education programs in Canada. This, in turn, will facilitate the advancement of design firms providing PBFD services and of authorities having jurisdiction approving these projects. This cycle, along with the active publication of FSE projects and solutions, will serve to stabilize FSE as a profession on its own like civil or mechanical engineering -creating a solid foundation upon which it will stand unique. This will lead to a future built environment in Canada where fire safety is demonstrated, rather than just assumed, and the public will benefit from better performing buildings that enable resilient operations. Page 37 of 37 https://mc06.manuscriptcentral.com/cjce-pubs
